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Introduction
Transcranial magnetic stimulation (TMS) is a novel, simple and non-invasive technique that enables changes in the excitability of different cortical areas. Many characteristics of TMS such as coil form, position, frequency and intensity of the stimulus are important for the effect of rTMS on cortical excitability. 1 In human studies, low-frequency repetitive transcranial magnetic stimulation (rTMS) below 1 Hz decreases cortical excitability, whereas frequencies above 5 Hz exert the inverse effect, causing its enhancement. In the last years, this property has been applied to study many neurological and psychiatry diseases, as well as coadjuvant treatment in many of these ailments. In spite of rTMS effectiveness, its precise mechanism of action has not yet been established. Long-term potentiation and longterm depression-like mechanisms have been mainly postulated as responsible for rTMS effects. [1] [2] [3] Epilepsy is one of the most frequent neurological diseases; it affects 1-2% of the general population. Between 5 and 10% epileptic patients suffer medically intractable seizures. Several studies using rTMS for the treatment of epilepsy have shown diverse degrees of seizure control, as well as a decrease in interictal epileptiform discharges (IEDs) in the EEG. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Focal epilepsies are ideal for the application of rTMS due to a delimited zone of increased excitability. One aspect that influences rTMS results is the precise localization of the epileptic focus. Recently, some non-invasive techniques have been developed to localize the epileptic focus using high density EEG and source analysis methods. 15 Among these techniques, Variable Resolution Electromagnetic Tomography (VARETA) 16 is useful in the localization of EEG source currents in different neurological disorders, and generalized and focal epilepsies. [17] [18] [19] [20] [21] [22] Moreover, different studies with rTMS have shown more marked effects on neocortical epilepsies on the convexity of the brain than on mesial temporal lobe epilepsies (MTLEs). 6, [10] [11] [12] Therefore, the aim of this study is to evaluate the number and duration of seizures, and the number of IEDs in patients with focal epilepsy, with epileptic focus in neocortical areas determined with electrical source analysis before, during and after the application of rTMS at 0.5 Hz.
Materials and methods

Patient population
Twelve patients with focal epilepsy (seven men and five women, mean age 29.3 AE 15.8 years) were studied. Only patients with electrical sources of paroxysmal activity in neocortical regions were admitted in the study. They received standard pharmacological treatment without modification of antiepileptic drugs (AEDs) for at least 1 month before the study started; medication changes were not allowed. All patients and their parents signed an informed consent form approved by the Institutional Committee.
Study design
An open-label study with baseline, intervention and follow-up periods was carried out. The baseline period lasted 4 weeks, 2 weeks for the intervention with rTMS and a follow-up period of 8 weeks in duration. In the basal period, the patient's relatives recorded the number and duration of seizures in a daily report, which continued during intervention and 8-week follow-up periods. In addition, the number of IEDs in the EEG in each period was also recorded.
EEG analysis
A high-resolution EEG with 120 channels for scalp recordings was used. All EEG recordings were obtained in a soundproof room using a Multichannel Medicid System (Neuronic Mexicana, S.A, México). Amplifier characteristics were: gain 10,000 dB, low cut filters at 0.05 Hz and high filters at 70 Hz. One hundred and twenty referential leads were recorded using linked earlobes as reference. The impedance was under 5 kV in all electrodes. The sampling frequency was 200 Hz.
All EEG phenomena identified as IEDs were selected for analysis. For this purpose, two neurophysiologists (TH and ES-R) reviewed the recordings, and only those EEG segments on which agreement was reached were used for electrical source analysis. Spikes and sharp waves were considered IEDs. The number and mean duration of IEDs in a 1-min freeartifact period was selected and compared in the three periods -basal, intervention and follow-upusing repeated measures ANOVA for the analysis.
The localization of the epileptic focus to apply rTMS was determined with current source analysis of paroxysmal activity by VARETA. 16 This method imposes diverse amounts of spatial smoothness for different types of generators selected by a datadriven search procedure. In addition, in VARETA, current sources are restricted to gray matter by the use of a probabilistic mask that prohibits solutions where the mask is zero, i.e., in the CSF or white matter. The Probabilistic Brain Atlases used in this study were developed at the Montreal Neurological Institute (MNI). The mean head used in this work was obtained by averaging a set of 305 normal MRI scans transformed to Talairach space. MRIs were subjected to nonlinear warps to match a set of 50 common landmarks. 23, 24 The three-concentric spheres model was fitted to the MNI mean head by means of a least square algorithm. Coordinates for each electrode, obtained from brain electric source analysis (BESA), 25 were then used to project each electrode onto the average skin.
Repetitive transcranial magnetic stimulation
One daily rTMS session at 0.5 Hz was carried out on the epileptogenic zone of each patient with a total of 900 pulses delivered at 110% intensity of the resting motor threshold (RMT) during a 2-week period. RMT was obtained with single pulses delivered with a figure-of-eight coil positioned 458 tangential to the scalp (Super-Rapid, The Magstim Co., Whitland, UK). To obtain the motor evoked potentials (MEPs), two surface Ag-AgCl electrodes were placed over the abductor policis brevis (APB) of the dominant hand in belly-tendon montage and registered with Neuronic amplifiers (Neuronic, México). Amplifier characteristics were: gain 1000 dB, low cut filters at 10 Hz and high filters at 3000 Hz. The optimal motor cortical site was found by delivering TMS focal single pulses at 70% intensity of the stimulator until they triggered a suprathreshold motor evoked potential above 50 mV in the contralateral side to stimulation. Once the correct site was located, the resting motor threshold was determined by gradually increasing the intensity of stimulation in 1% steps. All data were analyzed by repeated measures ANOVA followed by a post hoc analysis (STATISTICA '99).
Results
All patients presented focal epilepsy and complex partial secondarily generalized seizures with epileptogenic focus in different brain regions. Nine patients were under two AED treatment, two patients were taking one AED and one patient received three AEDs. The time of evolution of epilepsy was 16.4 AE 11.9 years. Patients exhibited few adverse effects; one patient complained of headache after rTMS, other showed a light rest tremor in the hands at the end of the first week of rTMS treatment, which disappeared to the end of the rTMS period. One other patient presented a seizure at the beginning of the rTMS session, but it was not related to stimulation because this patient suffered frequently of seizures even before the initiation of rTMS sessions. Clinical and demographic characteristics of the patients are summarized in Table 1 .
Seizure reduction
During the 4 weeks of the basal period, all patients had seizures with a mean frequency of 2.25 per week. This frequency decreased during the inter- vention period with rTMS to 0.66 seizures per week (F = 2.825; p = 0.0036), which corresponded to a 71% reduction. In the first week of intervention with rTMS, the mean frequency decreased to 0.50 (78%) and 0.83 (63%) seizures during the second week. During the follow-up period, the mean frequency was 1.14 seizures per week, corresponding to 50% decrease in seizures. After ANOVA post hoc analysis, a significant decrease was found between baseline values and those for weeks number 5, 6, 7, 8, 9, 13 and 14 ( p = 0.0002, 0.0031, 0.0009, 0.0003, 0.0052, 0.016 and 0.0269, respectively) ( Fig. 1 ).
In the 2 weeks of rTMS, six patients (50%) were free of seizures in the first week and eight (66%) in the second ( p = 0.0330). In the first week of the follow-up period, eight patients (66%) presented no seizures; in the subsequent week the number of seizure-free patients decreased again (Fig. 2) . During the rTMS period, nine patients (75%) exhibited a reduction of 50% or more in seizure frequency. The mean duration of seizures during the baseline period was 2.27 min, followed by a decrease to 2.05 min duration for the 2 weeks of rTMS and a further decrease to 1.60 min duration in the follow-up period.
Epileptiform discharges in the EEG
In all patients IEDs consisted of sharp waves and spikes. The electrical source of IEDs was localized in neocortical regions of the right hemisphere in 67% of the cases and 33% on the left. The frontal lobe was affected in 10 patients and the temporal lobe in 2. All patients had unilateral epileptic focus in cortical convexity; only one patient presented two epileptic foci, both in the frontal lobe. An example of a current source of IED is shown in Fig. 3 .
In the visual EEG analysis, the IED baseline frequency was 11.9 AE 8.3 events/min, decreased to 9.3 AE 7.9 at the end of the rTMS period and to 8.2 AE 6.6 in the follow-up period; however, these differences were not significant ( p = 0.190). The IED duration in each period remained unchanged after rTMS; in the baseline period the duration was 0.50 AE 0.19 s, in the 2 weeks of rTMS it was 0.51 AE 0.22 s, and during the follow-up period 0.41 AE 0.12 s ( p = 0.1118) (Fig. 4) .
Discussion
Some studies on the treatment of epilepsy with rTMS have shown a decrease in the number of seizures, as well as a decrease in IEDs registered in the EEG. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The great variability in the results is partly due to the heterogeneity of study designs, population, types of epilepsy and rTMS parameters. At the moment, this problem remains unresolved. 26, 27 In the present study, our aim was to increase the precision in the localization of the epileptic focus using electrical source analysis of IEDs. 15 Our main finding was the reduction in seizure frequency not only during the 2 weeks of low-frequency rTMS, but also in the 3 post-treatment weeks without significant differences in electroencephalographic IEDs. These results are analyzed in the next paragraphs.
Seizure frequency and duration
There was a significant decrease in seizure frequency during the 2 weeks of rTMS (71%) and in the follow-up period (50%). These data agree with those found by previous studies in which a mean decrease in seizures of 50-72% has been reported. 4, 5, 10, 12 In addition, 66% of patients were seizure-free during the 2 weeks of rTMS and the first week of follow-up; this percentage decreased in the following weeks. In contrast, other open-label and randomized clinical trials (RCTs) found no significant differences between the basal and follow-up periods. Theodore et al., in a RCT study, 6 described a major decrease in seizures after rTMS in patients with neocortical rather than mesial temporal lobe epilepsy. The suboptimal stimulation in these patients might explain these results; rTMS frequency was 1 Hz versus 0.5 Hz used in our study.
In an open-label study, 11 Kinoshita et al. found no significant decrease in seizures for extratemporal lobe epilepsies, but these authors only used 90% RMT. It is possible, that the intensity used was low and might explain the weak antiepileptic effect reported in their study. Similarly, in other RCT study, 14 Cantello et al. found a slight decrease in the number of seizures after rTMS but with no significant differences when compared to the sham-rTMS group. In this study the majority of patients presented focal neocortical epilepsies. Besides, although rTMS was 100% RMT, the stimulation was carried out with a circular coil over the vertex. Possibly the non-focal stimulation delivered with a circular coil could be the cause of a weak antiepileptic effect; especially because a significant decrease in epileptiform abnormalities in the EEG was found after rTMS.
In the basal period all patients presented one or more seizures per week. The seizure duration decreased during the 2 weeks of rTMS and for some weeks of the follow-up period. This decrease, evaluated by a relative of the patient is a soft variable to measure the degree of control of the seizures, unlike the diminution in seizure frequency and the increment in the number of seizure-free patients reported also in this study.
In our study, a precise targeting of the epileptic focus was intended. It seems that the major decrease in the number of seizures was due to a more accurate localization of the epileptogenic zone using the current source approach. 15 This ensures that the effect of rTMS applied with a double-eight coil is delivered over the neuronal circuits originating the epileptic focus and not over the spread of epileptic activity. Also, it is possible that a more precise localization of the epileptic focus combined with neuronavigation systems (not used in our study) to place the coil over the head will further improve the targeting of the epileptic foci.
Previous data suggest that low-frequency rTMS modulates inhibitory mechanisms decreasing cortical excitability through GABAergic activity. Longterm depression-like mechanisms have been also postulated as responsible for a diminution in the number of seizures. 1, 3 The permanence of the effect for 3 weeks after the end of rTMS together with the slow return to baseline frequency supports this concept. It would be convenient to evaluate in future studies the effect of the periodical application of rTMS every 4 or 5 weeks.
Epileptiform discharges in the EEG
There was a tendency showing a decrease in IED frequency, but differences were not significant given the small size of our sample. In contrast, all studies in which IEDs were evaluated, a significant decrease was found after rTMS. 5, 10, [12] [13] [14] The notion that the number of IEDs has a direct relation to the number of seizures and that an increase in IED frequency is necessary for the generation of ictal discharges is controversial. A decrease in IEDs just before the manifestation of seizures has been observed in focal epilepsy. In addition, a relation between seizure control and the number of IEDs has not been consistent. Similarly, no relation has been established between irritative epileptogenic zones and ictal onset regions. Therefore, de Curtis and Avanzini 28 have proposed that IEDs represent an attempt of neuronal networks to keep cortical excitation at low levels and represent the counterpart of increased excitability determined by primary epileptogenic dysfunction. The previous concept agrees with the fact that our patients exhibited a decrease in seizures but the modification in the number of IEDs was not significant. Future rTMS studies using IED analysis and ictal EEG-video recording could be used to resolve this problem, given that especially in extra-temporal lobe epilepsies the irritative zone is often not the same as the seizure onset zone.
We conclude that 2 weeks of rTMS at 0.5 Hz with a figure-of-eight coil placed over the epileptic focus as determined with electrical source analysis will decrease the number of seizures in patients with focal epilepsy, without causing a significant decrease in IEDs.
